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introduction 

One of the most dynamic and significant aspects of biology is that charac
teristics of individuals within a species are not "fixed" in their morphol
ogy and physiology but vary from one individual to another. As a matter 
of fact, all individuals produced as a result of a sexual process are expected 
to be different from each other and from their parents in a number of 
characteristics, although they retain most similarities with them and 
belong to the same species. This is true of fungi produced from sexual 
spores such as oospores, ascospores, and basidiospores, of parasitic higher 
plants produced from seeds and of nematodes produced from fertilized 
eggs, as well as of cultivated plants produced from seeds. When individu
als are produced asexually, the frequency and degree of variability among 
the progeny are reduced greatly but even then certain individuals among 
the progeny will show different characteristics. This is the case in the 
overwhelmingly asexual reproduction of fungi by means of conidia, zoo
spores, sclerotia, uredospores, etc., and in bacteria, mycoplasmas and 
viruses, as well as in the asexual propagation of plants by means of buds, 
cuttings, tubers, etc. 

mechanisms of variability 

In host plants and in pathogens, such as most fungi, parasitic higher 
plants, and nematodes, which can, and usually do, reproduce by means of 
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segregation and recombination of genes during the meiotic division of the 
zygote. Bacteria too, however, and even viruses, exhibit variation which 
seems to be the result of a sexuallike process. In many fungi certain 
parasexual processes lead to variation. On the other hand, all plants and 
all pathogens, especially bacteria, viruses, and fungi, and probably myco
plasmas, can and do produce variants in the absence of any sexual process 
by means of mutations and, perhaps, by means of cytoplasmic adaptation. 

GENERAL 
MECHANISMS OF VARIABILITY 

Three mechanisms of variability—hybridization, mutation, and cyto
plasmic inheritance—occur in both plants and pathogens. 

HYBRIDIZATION 

Hybridization occurs during sexual reproduction of plants, fungi, and 
nematodes whenever two haploid (IN) nuclei, containing slightly differ
ent genetic material, unite to form a diploid (2N) nucleus, called a zygote. 
In hybridization, a recombination of genetic factors occurs during the 
meiotic division of the zygote as a result of genetic crossovers in which 
parts of chromatids (and the genes they carry) of the one chromosome of 
the pair are exchanged with parts of chromatids of the other chromosome 
of the pair. In this way a recombination of the genes of the two parental 
nuclei takes place in the zygote, and the haploid nuclei or gametes 
resulting after meiosis are different both from gametes that produced the 
zygote and from each other. In the fungi, the haploid nuclei or gametes 
often divide mitotically to produce mycelium and spores which result in 
genetically different groups of homogeneous individuals that may pro
duce large populations asexually until the next sexual cycle. 

MUTATION 

Mutation is a more or less abrupt change in the genetic material of an 
organism, which is then transmitted in a hereditary fashion to the prog
eny. Mutations occur spontaneously in nature in all living organisms, 
those that reproduce only sexually or only asexually and those that 
reproduce both sexually and asexually. Mutations in single-celled or
ganisms, such as bacteria, in fungi with haploid mycelium, and in vi
ruses, are expressed immediately after their occurrence. Most mutant 
factors, however, are usually recessive,- therefore, in diploid or dikaryotic 
organisms mutations can remain unexpressed until they are brought 
together in a hybrid. 

Mutations for virulence probably occur no more frequently than for 
any other inherited characteristic but, given the great number of progeny 
produced by pathogens, it is probable that large numbers of mutants 
differing in virulence from their parent appear in nature every year. 
Besides, considering that only a few genetically homogeneous varieties of 
each crop plant are planted continuously over enormous land expanses 
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for a number of years, and considering the difficulties involved in shifting 
from one variety to another on short notice, the threat of new, more 
virulent, mutants appearing and attacking a previously resistant variety 
is a real one. Moreover, once a new factor for virulence appears in a 
mutant, this factor will take part in the sexual or parasexual processes of 
the pathogen and may produce recombinants possessing virulence quite 
different in degree or nature from that existing in the parental strains. 

CYTOPLASMIC INHERITANCE 

Cytoplasmic inheritance is the acquisition by a plant or a pathogen, 
through extrachromosomal inheritance, of the ability to carry out a phys
iological process which it could not before. Cytoplasmic inheritance 
presumably occurs in all organisms except viruses and viroids, which 
lack cytoplasm. Three types of adaptations brought about by changes in 
the genetic material of the cytoplasm have been shown in pathogens. 
Pathogens may acquire the ability to tolerate previously toxic substances, 
to utilize new substances for growth, and to change their virulence 
toward host plants. Several characteristics of plants are also inherited 
through the cytoplasm, including the resistance to infection by certain 
pathogens. 

SPE CIA LIZ Ε D 
MECHANISMS OF VARIABILITY 
IN PATHOGENS 

Certain mechanisms of variability appear to be operating only in certain 
kinds of organisms or to be operating in a rather different manner than 
those described as general mechanisms of variability. These specialized 
mechanisms of variability are sexuallike or parasexual processes and 
include heterokaryosis and parasexualism in fungi; conjugation, trans
formation and transduction in bacteria,- and genetic recombination in 
viruses. 

SEXUALLIKE PROCESSES IN FUNGI 

HETEROKARYOSIS Heterokaryosis is the condition in which, as a result 
of fertilization or anastomosis, cells of fungus hyphae or parts of hyphae 
contain nuclei that are genetically different. In the Basidiomycetes, the 
dikaryotic state may differ drastically from the haploid mycelium and 
spores of the fungus. Thus in Puccinia graminis tritici, the fungus causing 
stem rust of wheat, the haploid basidiospores can infect barberry but not 
wheat, and the haploid mycelium can grow only in barberry, while the 
dikaryotic aeciospores and uredospores can infect wheat but not barberry 
and the dikaryotic mycelium can grow in both barberry and wheat. 
Heterokaryosis also occurs in other fungi but its importance in plant 
disease development in nature is not known. 

PARASEXUALISM Parasexualism is the process by which genetic re
combinations can occur within fungal heterokaryons. This comes about 
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by the occasional fusion of the two nuclei and the formation of a diploid 
nucleus. During multiplication, crossing over occurs in a few mitotic 
divisions and results in the appearance of genetic recombinants by the 
occasional separation of the diploid nucleus into its haploid components. 

SEXUALLIKE PROCESSES IN BACTERIA 

New biotypes of bacteria seem to arise with varying frequency by means 
of at least three sexuallike processes (Fig. 21). It is probable that similar 
processes occur in mycoplasmas and rickettsialike organisms. (1) Conju-
gation, in which two compatible bacteria come in contact with each 
other and a small portion of the chromosomal or nonchromosomal ge
netic material of the one bacteriun is transferred to the genetic material 
of the other. (2) Transformation,  in which bacterial cells are transformed 
genetically by absorbing and incorporating in their own cells genetic 
material secreted by, or released during rupture of, other compatible 
bacteria. (3) Transduction,  in which a bacterial virus (phage) transfers 
genetic material from the bacterium in which the phage was produced to 
the bacterium it infects next. 

FIGURE 21. 
Mechanisms of variability in bacteria through sexuallike processes. 
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GENETIC 
RECOMBINATION IN VIRUSES 
When two strains of the same virus are inoculated into the same host 
plant, one or more new virus strains are recovered with properties (viru
lence, symptomatology, etc.) different from those of either of the original 
strains introduced into the host. The new strains probably are hybrids 
(recombinants) although their appearance through mutation, not hybridi
zation, cannot always be ruled out. 

In multicomponent viruses consisting of 2 to 4 components, new virus 
strains may also arise in host plants or vectors from recombination of the 
appropriate components of two or more strains of such viruses. 

stages of 
variation in pathogens 

The entire population of a particular organism on earth, e.g., a fungal 
pathogen, has certain morphological characteristics in common and 
comprises the species of the pathogen, e.g., Puccinia graminis, the cause 
of stem rust of cereals. Some individuals of this species, however, attack 
only wheat or only barley, or oats, etc., and these individuals comprise 
groups that are called varieties or special forms [formae specialis) such as 
P. graminis tritici, P. g. hordei, P. g. avenae, etc. But even within each 
special form, some individuals attack some of the varieties of the host 
plant but not the others, some attack another set of host plant varieties, 
and so on, each group of such individuals comprising a race. Thus, there 
are more than 200 races of Puccinia graminis tritici (race 1, race 15, race 
59, etc.). Occasionally, one of the offspring of a race can suddenly attack a 
new variety or can cause severe symptoms on a variety that it could 
barely infect before. This individual is called a variant. The identical 
individuals produced asexually by the variant comprise a biotype. Each 
race consists of one or of several biotypes (race 15A, 15B, etc.). 

The appearance of new pathogen biotypes may be very dramatic when 
the change involves the host range of the pathogen. If the variant has lost 
the ability to infect a plant variety that is widely cultivated, this pathogen 
simply loses its ability to procure a livelihood for itself and will die 
without even making its existence known to us. If, on the other hand, the 
change in the variant pathogen enables it to infect a plant variety culti
vated because of its resistance to the parental strain, the variant indi
vidual, being the only one that can survive on this plant variety, grows 
and multiplies on the new variety without any competition and soon 
produces large populations that spread and destroy the heretofore resis
tant variety. This is the way the resistance of a plant variety is said to be 
"broken down," although it was the change in the pathogen, not the host 
plant, that brought it about. 
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types of plant 
resistance to pathogens 

Different plants are resistant to certain pathogens for various reasons. 
Some plants, of course, are immune to a particular pathogen even under 
the most favorable conditions for disease development. Others exhibit cer
tain degrees of resistance to a pathogen under most environmental condi
tions. Still others are actually susceptible to the pathogen but, under the 
conditions they are normally grown, may appear resistant. 

Some very susceptible varieties exhibit apparent resistance. Such vari
eties can escape disease because of rapid growth or early maturity and 
of some inherent quality which makes them resistant for a period of their 
life (earliness or lateness) and which, with proper planting, can be made to 
coincide with the period of abundance of inoculum. Other varieties show 
tolerance to a disease and can produce a good crop in spite of infection 
either because of exceptional vigor or because of a hardy structure. Still 
other varieties are not infected by certain pathogens because their 
stomata are too few, closed, or plugged with masses of cells, or because 
the waxy coating on their leaves, the thick skin of their fruit, etc., do not 
allow the pathogen to enter the host. In all these cases, however, once the 
pathogen has established infection in the host it can develop freely and 
can produce symptoms as though the host is susceptible. 

Truly resistant varieties, on the other hand, are those in which the 
pathogen and the host are incompatible with each other, or the host plant 
can defend itself against the pathogen by the various defense mechanisms 
activated in response to infection by the pathogen. If resistance of a plant 
to a pathogen is provided by one or a few defense mechanisms controlled 
by one or a few genes, respectively, such resistance is called specific or 
vertical and is either monogenic (one gene) or oligogenic (a few genes), 
and the genes responsible for it are called major genes. If resistance is 
provided by a combination of lesser defense mechanisms, each of which 
alone is rather ineffective against the pathogen, and such mechanisms are 
controlled by a group or groups of complementary genes, such resistance 
is called general or horizontal resistance, it is almost always polygenic 
and the genes are called minor genes. In addition, resistance is sometimes 
controlled by genetic determinants contained in the cytoplasm of the cell 
and is called cytoplasmic resistance,- the two best known cases of cyto
plasmic resistance occur in corn in which resistance to two leaf blights, 
the southern corn leaf blight caused by Helminthosporium maydis and 
the yellow leaf blight caused by Phyllosticta maydis, is conferred by 
characteristics present in normal cytoplasm of various types of corn but 
absent or suppressed in Texas male-sterile cytoplasm. 

Varieties with specific (monogenic or oligogenic) resistance generally 
show complete resistance to a specific pathogen under most environmen
tal conditions, but a single or a few mutations in the pathogen may 
produce a new race that may infect the previously resistant variety. On 
the contrary, varieties with general (polygenic) resistance are less stable 



92 GENETICS AND PLANT DISEASE 

and may vary in their reaction to the pathogen under different environ
mental conditions, but a pathogen will have to undergo many more 
mutations to completely break down the resistance of the host. As a rule, 
a combination of major and minor genes for resistance against a pathogen 
is the most desirable makeup for any plant variety. 

genetics of 
virulence in pathogens 
and of resistance 
in host plants 

Infectious plant diseases are the result of the interaction of at least two 
organisms, the host plant and the pathogen. The properties of each of 
these two organisms are governed by their genetic material, the DNA, 
which is organized in numerous segments comprising the genes. 

The inheritance of host reaction—degree of susceptibility or 
resistance—to various pathogens has been known for a long time and has 
been used quite effectively in breeding and distributing varieties resistant 
to pathogens causing particular diseases. The inheritance of infection 
type—degree of virulence or avirulence—however, has been overlooked 
until relatively recently. It has now become clear that pathogens consist 
of a multitude of races, each differing from others in its ability to attack 
certain varieties of a plant species but not other varieties. Thus when a 
variety is inoculated with two appropriately chosen races of a pathogen, 
the variety is susceptible to one race but resistant to the other. Con
versely, when the same race of a pathogen is inoculated on two appro
priately chosen varieties of a host plant, one variety is susceptible while 
the other is resistant to the same pathogen. This clearly indicates that, in 
the first case, one race possesses a genetic characteristic that enables it to 
attack the plant, while the other race does not, and in the second case, 
that the one variety possesses a genetic characteristic that enables it to 
defend itself against the pathogen, so that it remains resistant, while the 
other variety does not. When several varieties are inoculated separately 
with one of several races of the pathogen, it is again noted that one 
pathogen race can infect a certain group of varieties, another race can 
infect another group of varieties, including some that can and some that 
cannot be infected by the previous race and so on. Thus, varieties pos
sessing certain genes of resistance or susceptibility react differently 
against the various pathogen races and their genes of virulence or aviru
lence. The progeny of these varieties react to the same pathogens in 
exactly the same manner as did the parent plants, indicating that the 
property of resistance or susceptibility against a pathogen is genetically 
controlled (inherited). Similarly, the progeny of each pathogen causes on 
each variety the same effect that was caused by the parent pathogens, 
indicating that the property of virulence or avirulence of the pathogen on 
a particular variety is genetically controlled (inherited). 
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It appears from the above that, under favorable environmental condi
tions, the outcome—infection or noninfection—in each host-pathogen 
combination is predetermined by the genetic material of the host and of 
the pathogen. The number of genes determining resistance or susceptibil
ity varies from plant to plant, as the number of genes determining viru
lence or avirulence varies from pathogen to pathogen. In most host-
pathogen combinations the numbers of genes involved and what they 
control are not yet known. In some diseases, however, particularly those 
caused by fungi, e.g., potato late blight, apple scab, powdery mildews, 
tomato leaf mold, the cereal smuts and rusts, and also in tobacco mosaic, 
considerable information regarding the genetics of host-pathogen in
teractions is available. 

THE GENE-FOR-GENE CONCEPT 

The coexistence of host plants and their pathogens side by side in nature 
indicates that the two have been evolving together. Changes in the 
virulence of the pathogens must be continually balanced by changes in 
the resistance of the host, and vice versa, so that a dynamic equilibrium 
of resistance and virUlence is maintained and both host and pathogen 
survive. If either the virulence of the pathogen or the resistance of the 
host increased unopposed, it would have led to the elimination of either 
the host or the pathogen, respectively, which obviously has not hap
pened. Such a stepwise evolution of resistance and virulence can be 
explained by the gene-for-gene concept, according to which for each gene 
that confers resistance in the host there is a corresponding gene in the 
pathogen that confers virulence to the pathogen, and vice versa. 

The gene-for-gene concept was first proven in the case of flax and flax 
rust, but it has since been shown to operate in many other rusts, in the 
smuts, powdery mildews, apple scab, late blight of potato, and other 
diseases caused by fungi, as well as some diseases caused by bacteria, 
viruses, parasitic higher plants, and nematodes. In all these diseases it 
was shown that whenever a variety is resistant to a pathogen as a result of 
1, 2, or 3 resistance genes, the pathogen also contains 1, 2, or 3 virulence 
genes, respectively. Each gene in the host can be detected and identified 
only by its counterpart gene in the pathogen, and vice versa. Generally, 
genes for resistance are dominant while genes for virulence are recessive. 
Whenever a new gene for virulence appears, the resistance of the host 
breaks down and plant breeders introduce another gene for resistance in 
the plant which counteracts the new gene for virulence in the pathogen. 
This produces a resistant variety—until another gene for virulence ap
pears in the pathogen. 

The gene-for-gene concept has been demonstrated only in plants with 
monogenic and oligogenic types of resistance to a certain disease. Plant 
breeders apply the gene-for-gene concept every time they incorporate a 
new resistance gene into a desirable variety that becomes susceptible to a 
new strain of the pathogen. With the diseases of some crops new resis
tance genes must be found and introduced into old varieties at relatively 

93 



G E N E T I C S A N D P L A N T D I S E A S E 

frequent intervals , whi le in o thers a single gene confers r e s i s t a n c e to t h e 
variet ies for m a n y years . T h e gene-for-gene c o n c e p t p r e s u m a b l y applies 
to polygenic or general r e s i s t a n c e as well , a l though so far proof for this 
and for polygenic cont ro l of v i r u l e n c e in pa thogens is lacking. 

THE NATURE OF 
RESISTANCE TO DISEASE 

A plant is e i ther i m m u n e to a p a t h o g e n — t h a t is, it is not a t t a c k e d by t h e 
pathogen even under the m o s t favorable c o n d i t i o n s — o r it m a y s h o w 
var ious degrees of res is tance ranging f r o m a l m o s t i m m u n i t y to c o m p l e t e 
susceptibil i ty . R e s i s t a n c e m a y be condi t ioned by a n u m b e r of internal 
and ex ternal fac tors w h i c h operate to r e d u c e the c h a n c e and degree of 
infect ion. A n y heri table c h a r a c t e r i s t i c of t h e plant that c o n t r i b u t e s to
ward local izat ion and isolat ion of t h e pathogen at t h e points of entry , 
toward reduct ion of the h a r m f u l effects of t o x i c substances produced by 
the pathogen, or toward inhibition of the reproduction and, thereby, of the 
further spread of t h e pathogen contr ibutes t o w a r d t h e res is tance of t h e 
plant to disease. F u r t h e r m o r e , any heri table c h a r a c t e r i s t i c that enables a 
part icular var iety to c o m p l e t e its d e v e l o p m e n t and m a t u r a t i o n under 
condi t ions that do n o t favor t h e d e v e l o p m e n t of t h e pathogen, also con
tr ibutes to res is tance (disease escape) . 

T h e cont r ibut ion of the genes condit ioning res is tance in t h e h os t 
s e e m s to consis t of, primarily , providing t h e g e n e t i c potent ia l in t h e plant 
for d e v e l o p m e n t of one or m o r e of t h e morphologica l or physiological 
c h a r a c t e r s — i n c l u d i n g those described in the chapters on s t r u c tu r a l and 
b i o c h e m i c a l defense—that cont r ibute toward disease res is tance . W i t h the 
e x c e p t i o n of virus and viroid diseases of plants , in w h i c h t h e genes of t h e 
host could conceivably c o m e into " f a c e - t o - f a c e " c o n f r o n t a t i o n w i t h the 
" g e n e s " of the viral n u c l e i c acid, the genes of plants infected by o t h e r 
types of pathogens s e e m to never c o m e in c o n t a c t w i t h the genes of t h e 
pathogen. In general , in all h o s t - p a t h o g e n c o m b i n a t i o n s , viruses and 
viroids included, the in terac t ions b e t w e e n genes of host and genes of 
pathogen are believed to be brought about indirect ly through t h e physio
logical processes control led by the respect ive genes . 

T h e m e c h a n i s m s by w h i c h genes c o n t r o l the physiological processes 
that lead to disease res is tance or susceptibil i ty are not yet c lear but t h e y 
are, presumably , no different than are t h e m e c h a n i s m s control l ing any 
other physiological process in living organisms . T h u s , it is k n o w n that 
the genes are e a c h carried by the g e n e t i c m a t e r i a l ( D N A ) as s u c c e s s i v e 
groups of nucleot ide triplets (triplet code) w h i c h are first read and trans
cribed on m e s s e n g e r R N A as the la t ter is synthesized. T h e m e s s e n g e r 
R N A then b e c o m e s associated w i t h c lusters of r i b o s o m e s (polyribo
somes) and leads to the product ion of a specific protein w h i c h is e i ther an 
e n z y m e or a s t ruc tura l protein. T h e produced e n z y m e part ic ipates or 
init iates b i o c h e m i c a l reac t ions related to one or a n o t h e r of t h e cel lular 
processes , and m a y result in the product ion of a cer ta in morphologica l 
c h a r a c t e r i s t i c or a c c u m u l a t i o n of a cer ta in c h e m i c a l substance . 
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The genes responsible for determining the kind and properties of a 
protein are called structural genes. The timing of activation of the struc
tural genes, the rate of their activity—protein synthesis—and the timing 
of their inactivation are controlled by other genes called regulatory genes. 
Furthermore, messenger-RNA formation seems to be initiated only at 
certain points of the DNA strand, and these points are called operators. A 
single operator may control the transcription into a messenger-RNA of 
only one structural gene, or of a series of structural genes concerned with 
the different steps of one particular metabolic function, for example the 
biosynthesis of a fungitoxic phenolic compound or a compound that 
reacts with and detoxifies a pathogen toxin. The group of genes controlled 
by such an operator is called an operon. 

Thus, it is possible that for the production of an inducible enzyme or a 
fungitoxic substance, a stimulant (inducer) secreted by the pathogen 
inactivates a repressor molecule, which is the product of a regulatory 
gene. The function of the repressor was to combine with a specific 
operator locus and prevent the transcription of that operon, thereby 
blocking the synthesis and action of the relevant proteins in the absence 
of infection. Following infection, however, and after inactivation of the 
repressor by the pathogenic stimulant, transcription of the operon can 
take place, the particular substance is produced and, if this substance is 
toxic enough to the pathogen, the infection stops and the variety is 
resistant. On the other hand, if a pathogen mutant appears that does not 
secrete the particular stimulant (inducer) that inactivates the repressor 
molecule, the defense reaction does not take place, the pathogen infects 
the host without opposition and so it causes disease. In that case, the 
resistance of the host is said to have broken down but it is actually 
bypassed by the pathogen rather than broken down. Other possible ways 
by which a pathogen could "break down" the resistance of a host would 
be through a mutation in the pathogen, which enables it to produce a 
substance that can react with and neutralize the defensive toxic substance 
of the host that is directed against the pathogen,- or through a mutation in 
the pathogen that would eliminate or block its receptor site on which the 
host defensive substance becomes attached, and the pathogen then can 
operate in the presence of that substance and of the defense mechanism 
that produces it. 

breeding of 
resistant varieties 

The value of resistance in controlling plant diseases was recognized in the 
early 1900s. Advances in the science of genetics and the obvious advan
tages of avoiding losses from plant diseases by simply planting a resistant 
instead of a susceptible variety made the breeding of resistant varieties 
possible, and very desirable. The more recent realization of the dangers of 
polluting the environment through chemical control of plant diseases 
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gave additional impetus and importance to the breeding of resistant 
varieties. Thus the breeding of resistant varieties, which is but one part of 
broader plant breeding programs, is more popular and more intensive 
today than it ever was in the past. Its usefulness and importance are 
paramount in the production of food and fiber. Yet, some aspects of plant 
breeding, and of breeding of resistant varieties in particular, have shown 
certain weaknesses and have allowed the occurrence of some plant dis
ease epidemics that could not have developed if it were not for the 
uniformity created in crops through plant breeding. 

NATURAL 
VARIABILITY IN PLANTS 

Today's cultivated crop plants are the result of selection, or selection and 
breeding, of plant lines that evolved naturally in one or many geograph
ical areas over millions of years. The evolution of plants, from their 
ancient ancestors to the present day crop plants has occurred slowly and 
has, in the meantime, produced countless genetically diverse forms of 
these plants. Many such plants still exist as wild types at the point(s) of 
origin or in the areas of natural spread of the plant. Although these plants 
may appear as useless remnants of evolution that are not likely to play a 
role in any future advances in agriculture, their diversity and survival in 
the face of the various pathogens that affect that crop indicates that they 
carry numerous genes for resistance against these pathogens. 

Since the beginning of agriculture some of the wild plants in each 
locality have been selected and cultivated and thus produced numerous 
cultivated lines or varieties. The most productive of these varieties were 
perpetuated in each locality from year to year and those that survived the 
local climate and the pathogens continued to be cultivated. Nature and 
pathogens eliminated the weak and susceptible ones while the farmers 
selected the best yielders among the survivors. Surviving varieties had 
different sets of major and minor genes for resistance. In this fashion, 
selection of crop plants continued wherever they were grown, each 
locality independently selecting varieties adapted to its own environment 
and resistant to its own pathogens. Thus, numerous varieties of each crop 
plant were cultivated throughout the world and, by their own genetic 
diversity, contributed to making the crop locally adapted but overall 
genetically nonuniform and, thereby, safe from any sudden outbreak of a 
single pathogen over a large area. 

EFFECTS OF PLANT 
BREEDING ON VARIABILITY 
IN PLANTS 

During the present century, widespread, intensive, and systematic efforts 
have been made and continue to be made by plant breeders throughout 
the world toward breeding plants that combine the most useful genes for 
higher yields, better quality, uniform size of plants and fruit, uniform 
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ripening, cold hardiness, disease resistance, etc. In searching for new 
useful genes, plant breeders cross existing, local, cultivated varieties with 
each other and with those of other localities, both here and abroad, and 
with wild species of crop plants from wherever they can be obtained. 
Furthermore, plant breeders often attempt to generate additional genetic 
variation by treating their plant material with mutagenic agents. 

The initial steps in plant breeding generally increase the variability of 
genetic characteristics of plants in a certain locality by combining in such 
plants genes that were more or less widely separated before. As breeding 
programs advance, however, and as several of the most useful genes are 
identified, subsequent steps in breeding tend to eliminate variability by 
combining the best genes in a few cultivated varieties and leaving behind 
or discarding plant lines that seem to have no usefulness at the time. In a 
short time a few "improved" varieties replace most or all others over 
large expanses of land. The most successful improved varieties are also 
adopted abroad and, before too long, some of them replace the numerous 
but commercially inferior local varieties. Occasionally, even the wild 
types themselves may be replaced by such a variety. Thus, Red Delicious 
apples, Elberta peaches, certain dwarf wheat and rice varieties, certain 
genetic lines of corn and potatoes, one or two types of bananas and 
sugarcane, etc. are grown in huge acreages throughout the world. In 
almost every crop, relatively few varieties make up the great bulk of the 
cultivated acreage of the crop throughout a country or throughout the 
world. The genetic base of these varieties is often narrow, especially since 
many of them have been derived from crosses of the same or related 
ancestors. These few varieties are used so widely because they are the 
best available, they are stable and uniform, and therefore everybody 
wants to grow them. At the same time, however, because they are so 
widely cultivated, they carry with them not only the blessings but also 
the dangers of uniformity. The most serious of these dangers is the 
vulnerability of large uniform plantings to sudden outbreaks of cata
strophic plant disease epidemics. 

PLANT BREEDING 
FOR DISEASE RESISTANCE 

Most plant breeding is done for development of varieties that produce 
greater yields of better quality. When such varieties become available 
they are then tested for resistance against some of the most important 
pathogens present in the area where the variety is developed and where it 
is expected to be cultivated. If the variety is resistant to these pathogens, it 
may be released to growers for immediate production. If, however, it is 
susceptible to one or more of these pathogens, the variety is usually 
shelved or discarded; or sometimes it is released for production if the 
pathogen can be controlled by other means, e.g., chemical; but more often 
it is subjected to further breeding in an attempt to incorporate into the 
variety genes that would make it resistant to the pathogens without 
changing any of its desirable characteristics. 
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The sources of genes for resistance are the same gene pool of the crop 
that provides genes for every other inherited characteristic, i.e., other 
native or foreign commercial varieties, older varieties abandoned earlier 
or discarded breeders' stock, wild plant relatives and, occasionally, in
duced mutations. Resistance may be obtained by incorporating one, a few 
or many, major or minor resistance genes to the variety. Specific or 
vertical resistance is easy to manipulate in a breeding program and, 
therefore, it is often preferred to general or horizontal resistance but both, 
specific and general, have their advantages and limitations. Specific resis
tance is aimed against specific pathogens or pathogen races. It is most 
effective when incorporated in annual crops that are easy to breed, e.g., 
small grains,- when it is directed against pathogens that do not reproduce 
and spread very rapidly, e.g., Fusarium} or pathogens that do not mutate 
very frequently, e.g., Puccinia graminis} when it consists of "strong" 
genes that confer complete protection to the plant that carries it; and 
when the host population does not consist of a single genetically uniform 
variety grown over large acreages. If one or more of these, and of several 
other, conditions are not met, specific resistance becomes short lived, i.e., 
it breaks down as a result of appearance of new pathogen mutants and 
hybrids that can bypass it or overcome it. 

On the other hand, general or horizontal resistance confers incomplete 
but permanent protection—it does not break down. General resistance 
involves mechanisms of defense which are beyond the limits of the 
capacity of the pathogen to change, i.e., beyond the probable limits of its 
variability. General resistance is universally present in wild and in 
domesticated plants but is at its highest in wild plants and at its lowest in 
greatly "improved" varieties. General resistance operates against all races 
of a pathogen, including the most pathogenic ones. Actually, the more 
pathogenic the races present the greater the selection for general resis
tance in the host. General resistance is eroded in the absence of the 
pathogen because there is no selection pressure for resistance. In many 
cases, general (polygenic) resistance is an important part of the resistance 
exhibited by plants possessing specific resistance but it is overshadowed 
by the latter. Considerable general resistance can be incorporated into 
cultivated crops by cross-breeding of existing genetically different vari
eties. The wider the genetic base of a crop the greater its general resis
tance and the smaller the need for the usually temporary specific resis
tance. 

Varieties with general (polygenic, horizontal, or nonspecific) resistance 
remain resistant much longer than do varieties with specific (oligogenic 
or vertical) resistance, but the resistance of the second group is much 
more effective, in the short run, than that of the first group. Also, vari
eties with specific resistance are often attacked suddenly and rapidly by a 
new virulent race and lead to severe epidemics. These disadvantages can 
be avoided in some crops by the use of multilines, which are either 
mixtures of individual varieties (lines or cultivars) that are agronomically 
similar but differ in their resistance genes, or varieties that are derived 
from crossing several to many varieties that contain different resistance 
genes and then selecting from those that contain the mixtures of genes. 
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Multilines have been developed mostly in small grains against the rust 
fungi but their use is likely to increase in these and in other crops as the 
control of plant diseases with specific resistance and with chemicals 
becomes more risky or less acceptable. 

Often genes of resistance are present in the varieties or species nor
mally grown in the area where the disease is severe and in which the need 
for resistant varieties is most pressing. With most diseases, a few plants 
remain virtually unaffected by the pathogen although most or all other 
plants in the area may be severely diseased. Such survivor plants are 
likely to have remained healthy because of resistant characters present in 
them. Such plants may be cross-pollinated with the new one to fortify the 
latter with their genes for resistance. On the other hand, if these plants 
are propagated asexually and continue to be resistant to the pathogen in 
subsequent years they may become the stock plants for the development 
of one or more resistant varieties. 

If no resistant plants can be found within the local population of the 
species, other species, cultivated or wild, are checked for resistance, and, 
if resistant, are crossed with the cultivated varieties in efforts to incorpo
rate the resistance genes of the other species into the cultivated varieties. 
With some diseases, e.g., late blight of potatoes, it has been necessary to 
look for resistance genes in species growing in the area where the disease 
originated and where, presumably, existing plants managed to survive the 
long, continuous presence of the pathogen because of their resistance to 
it. Finally, it is possible to increase or make apparent resistance in plants 
by the use of chemicals such as colchicine, which induce polyploidy in 
plants and result in creation of a homozygous condition by doubling 
heterozygous allelles, or by the use of mutagenic chemicals and radia
tions resulting in the occasional appearance of mutants which exhibit 
greater resistance to the pathogen than did the parent plant. 

Incorporating genes for resistance from wild or unsatisfactory plants 
into susceptible, but agronomically desirable, varieties is a difficult and 
painstaking process involving a series of crossings, testing, backcrossing 
to the desirable varieties, and so forth. The feasibility of the method in 
most cases, however, has been proved repeatedly. Through breeding, 
varieties of some crops, e.g., tobacco, have been developed in which genes 
for resistance against several different diseases have been incorporated. 

VULNERABILITY OF 
GENETICALLY UNIFORM CROPS 
TO PLANT DISEASE 
EPIDEMICS 

Even completely resistant varieties do not remain so forever. The con
tinuous production of mutants and hybrids in pathogens sooner or later 
leads to the appearance of races that can infect previously resistant 
varieties. Sometimes, races may exist in an area in small populations and 
avoid detection until after the introduction of a new variety, or virulent 
races of the pathogen existing elsewhere may be brought in after intro
duction of the resistant variety. In all cases, widespread cultivation of a 
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single, previously resistant variety provides an excellent substrate for 
rapid development and spread of the new race of the pathogen, and 
usually leads to an epidemic. Thus, genetic uniformity in crops, although 
very desirable when it concerns horticultural characteristics, is undesir
able and often catastrophic when it occurs in the genes of resistance to 
diseases. 

The cultivation of varieties with genetically uniform disease resis
tance is possible and quite safe if other means of plant disease control, 
e.g., chemical, are possible. Thus, a few fruit tree varieties, e.g., Delicious 
apples, Bartlett pears, Elberta peaches, Navel oranges, etc., are cultivated 
throughout the world in the face of numerous virulent fungal and bacte
rial pathogens that would destory them in a short time were it not for the 
fact that the trees are protected from the pathogens by numerous chemi
cal sprays annually. Even such varieties, however, suffer tremendous 
losses when affected by pathogens that cannot be controlled with chemi
cals as is the case of fire blight of pears and pear decline, of tristeza disease 
of citrus, etc. 

Another case in which varieties with genetically uniform disease resis
tance are not likely to suffer from severe disease epidemics is when the 
resistance is aimed against slow-moving soil pathogens such as Fusarium 
and Verticillium. Aside from the fact that some pathogens normally pro
duce fewer races than others, even if new races are produced at the same 
rate, soilborne pathogens lack the dispersal potential of airborne ones. As 
a result, a new race of a soilborne pathogen would be limited to a 
relatively small area for a long time and, although it could cause a locally 
severe disease, it would not spread rapidly and widely to cause an 
epidemic. The slow spread of such virulent new races of soilborne patho
gens allows time for the control of the disease by other means or the 
replacement of the variety with another one resistant to the new race. 

Genetic uniformity in plant varieties becomes a serious disadvantage 
in the production of major crops because of the potential danger of sudden 
and widespread disease epidemics caused by airborne or insect-borne 
pathogens in the vast acreages in which each of these varieties are often 
grown. Several examples of epidemics that resulted from genetic uni
formity are known and some of them have already been mentioned. 
Southern corn leaf blight was the result of the widespread use of corn 
hybrids containing the Texas male-sterile cytoplasm; the destruction of 
the "Ceres" spring wheat by race 56 of Puccinia graminis and of the 
"Hope" and its relative bread wheats by race 15B of P. graminis was the 
result of replacement of numerous genetically diverse varieties by a few 
uniform ones. The Helminthosporium blight of Victoria oats was the 
result of replacing many varieties with the rust-resistant Victoria oats ; 

coffee rust destroyed all coffee trees in Ceylon because all of them origi
nated from uniform susceptible stock of Coffea arabica-, tristeza de
stroyed millions of orange trees in South and North America because 
they were all propagated on susceptible sour orange rootstocks,- and pear 
decline destroyed millions of pear trees in the Pacific coast states because 
they were propagated on susceptible oriental rootstocks. In spite of these 
and many other well-known examples of plant disease epidemics which 
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occurred because of the concentrated cultivation of genetically uniform 
crops over large areas, crop production continues to depend on genetic 
uniformity. A few varieties of each crop make up the bulk of the 
cultivated crop over as vast an area as the U . S. (Table I). As can be seen in 
Table I, although a relatively large number of varieties are available for 
each crop, only a few, often 2 or 3 , varieties are grown in more than half 
the acreage of each crop, and in some they make up more than three-fourths 
of the crop. It is easy to see that two pea varieties make up almost the 
entire (96 percent) pea crop of the country, i.e., about 400,000 acres, that 
two varieties account for 42 percent of the sugarbeet crop, i .e., about 
600,000 acres. But the figures become even more spectacular when one 
considers the most popular varieties of the truly large acreage crops. 
Thus, although six corn varieties account for 71 percent or 47 million 
acres, one of them alone accounts for 26 percent or 17 million acres. 
Furthermore, most of the varieties shared the same male-sterile cyto
plasm. Similarly, six varieties of soybean account for about 24 million 
acres of that crop and most of these varieties share common ancestors. 

It is apparent that several hundreds of thousands or several million 
acres planted to one variety present a huge opportunity for the develop
ment of an epidemic. The variety, of course, is planted so widely because 
it is resistant to existing pathogens. But this resistance puts extreme 
survival pressure on the pathogens over that area. It takes one "right" 
change in one of the zillions of pathogen individuals in the area to 
produce a new virulent race that can attack the variety. When that 
happens it is a matter of time—and, usually, of favorable weather—before 

TABLE I. 
ACREAGE AND FARM VALUE OF MAJOR U.S. CROPS IN 1969 AND EXTENT TO WHICH 
SMALL NUMBERS OF VARIETIES DOMINATE CROP ACREAGE (Reproduced with 
permission of the National Academy of Sciences.) 

Value 
Acreage (millions Total Major Acreage 

Crop (millions) of dollars) Varieties Varieties (percent) 

Bean, dry 1.4 143 25 2 60 

Bean, snap 0.3 99 70 3 7 6 . 
Cotton 11.2 1200 50 3 53 
Corn" 66.3 5200 197 6 71 
Millet 2.0 ? 3 100 
Peanut 1.4 312 15 9 95 
Peas 0.4 80 50 2 96 

Potato 1.4 616 82 4 72 
Rice 1.8 449 14 4 65 
Sorghum 16.8 795 ? ? ? 

Soybean 42.4 2500 62 6 56 
Sugar beet 1.4 367 16 2 42 
Sweet potato 0.13 63 48 1 69 
Wheat 44.3 1800 269 9 50 

" Corn includes only released Agricultural Experimental Station inbreds for seed, forage, and silage. 
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the race breaks loose, the epidemic develops and the variety is wiped out! 
In most cases the appearance of the new race is detected early and the 
variety is replaced with another one, resistant to the new race, before a 
widespread epidemic occurs; this of course requires that varieties of a 
crop with different genetic base are available at all times. For this reason, 
most varieties must usually be replaced within about 3 to 5 years from 
the time of their widespread distribution. 

In addition to the genetic uniformity within one variety, plant breed
ing often introduces genetic uniformity to several or all cultivated vari
eties of a crop by introducing one or several genes in all of these varieties 
or by replacing the cytoplasm of the varieties with a single type of 
cytoplasm. Induced uniformity through introduced genes includes, for 
example, the dwarfism gene in the dwarf wheats and rice varieties, the 
monogerm gene in sugar beet varieties, the determinate gene in tomato 
varieties, and the stringless gene in bean varieties. Uniformity through 
replacement of the cytoplasm occurred, of course, in most corn hybrids in 
the later 1960s when the Texas male-sterile cytoplasm replaced the 
normal cytoplasm; and cytoplasmic uniformity is commercially em
ployed in several varieties of sorghum, sugar beet and onions, it is studied 
in wheat, and is also present in cotton and in cantaloupe. Neither the 
introduced genes nor the replacement cytoplasm, of course, make the 
plant less resistant to diseases, but if a pathogen appears that is favored by 
or can take advantage of the characters controlled by that gene or that 
cytoplasm, then the stage is set for a major epidemic. That this can 
happen was proven by the southern corn leaf blight epidemic of 1970, the 
susceptibility of dwarf wheats to new races of Septoria and Puccinia, of 
tomatoes with the determinate gene to Alternaria, and others. 
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